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Abstract
We report our current SMA and ALMA studies of disk
and planet formation around protostars. We have re-
vealed that r ∼>100 AU scale disks in Keplerian ro-
tation are ubiquitous around Class I sources. These
Class I Keplerian disks are often embedded in rotat-
ing and infalling protostellar envelopes. The infalling
speeds of the protostellar envelopes are typically ∼ 3-
times smaller than the free-fall velocities, and the ro-
tational profiles follow the r−1 profile, that is, rotation
with the conserved specific angular momentum. Our
latest high-resolution (∼0.′′5) ALMA studies, as well as
the other studies in the literature, have unveiled that
r ∼100-AU scale Keplerian disks are also present in
several Class 0 protostars, while in the other Class 0
sources the inferred upper limits of the Keplerian disks
are very small (r ∼<20 AU). Our recent data analyses of
the ALMA long baseline data of the Class I-II source
HL Tau have revealed gaps in molecular gas as well as
in dust in the surrounding disk, suggesting the presence
of sub-Jovian planets in the disk. These results imply
that disk and planet formation should be completed in
the protostellar stage.
Proceedings of the Star Formation in Different Environ-
ments, ICISE, Quy Nhon, Vietnam, 2016. PSFDE: volume
01. Copyright 2016 by the author(s).
1. Introduction
Two of the most intriguing astrophysical questions are
when and how planets form. A classical picture is that
planetary systems form out of protoplanetary disks
around T-Tauri stars. Recent theoretical studies, how-
ever, predict that planets can form when the central
stars are still in the protostellar (Class 0-I) phase, due
to the gravitational instabilities of massive disks sur-
rounding the protostars (Vorobyov , 2011; Tsukamoto
et al. , 2013; 2015). Observational investigations of
disk and planet formation around protostars, how-
ever, have been difficult as they are deeply embed-
ded within protostellar envelopes. The advent of new
(sub)millimeter interferometers, SMA, and ALMA,
has now enabled us to perform high-resolution and
high-sensitivity observations of protostellar sources, to
identify disks around protostars, and to study the for-
mation mechanisms of disks and then planets.
We have been conducting systematic SMA and ALMA
observations of protostars. Our group effort aims
to unveil the time scale of planet formation, a long-
standing but unresolved astrophysical question. Our
perspective is that disk and planet formation will be
initiated and completed during the protostellar stage
and before the T-Tauri stage, as is supported by our
observational results described below.
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2. Class I
In Figure 1, SMA+ASTE images of the submil-
limeter CS (7–6) emission toward the Class I proto-
stellar binary L1551 IRS 5 (contours), superposed on
the SMA image of the 0.9-mm dust continuum emis-
sion (gray), are shown (Chou et al., 2015). In the
high-velocity region, the blueshifted and redshifted
CS emission trace the southeastern and northwestern
parts of the dust-continuum emission, and exhibit a
velocity gradient along the major axis of the dust-
continuum emission. In contrast, in the low-velocity
region the blueshifted and redshifted CS emission are
extended beyond the continuum emission, and they
overlap significantly. The centroid location of the
blueshifted emission is slightly shifted to the south,
and that of the redshifted emission to the west and
northwest.
To interpret the observed velocity structures in
the submillimeter CS emission, we made a simple
geometrically-thin disk + envelope model. Figure
2 shows the results of the χ2 model fitting to the
high-velocity blueshifted and redshifted CS emission.
Our model fitting demonstrates that the observed
high-velocity CS emission is well reproduced by a
geometrically-thin Keplerian-disk model with the cen-
tral stellar mass M? = 0.5 M and the outermost ra-
dius Rkep = 64 AU. On the other hand, the spatial-
velocity distribution of the low-velocity CS emission
can be modeled with a rotating and infalling envelope.
The envelope rotation follows the vrot ∝ r−1 law, that
is, rotation with the conserved specific angular mo-
mentum, and the angular momentum of the infalling
envelope connects smoothly to that at the outermost
radius of the central Keplerian disk. The infalling ve-
locity in the envelope is a factor ∼3 slower than the
free-fall velocity estimated from the central protostel-
lar mass, which is derived from the central Keplerian
rotation.
Our SMA and ALMA observations have also identified
r ∼100-300 AU scale Keplerian disks around the Class
I protostars L1551 NE (Takakuwa et al. , 2012; 2013;
2014; 2015; 2016), TMC-1A (Aso et al., 2015), and
L1489 IRS (Yen et al. , 2013; 2014). The surrounding
envelopes exhibit an r−1 rotational profiles in TMC-
1A and L1489 IRS, while no clear rotation is seen in
the envelope around L1551 NE. All these protostellar
envelopes show infalling motion ∼3-times slower than
the corresponding free-fall except for L1489 IRS, where
the envelope consists of free-fall gas streams onto the
central Keplerian disk. Table 1 summarizes these re-
sults.
3. Class 0
The above results, as well as the other results in the
literature (Lommen et al. , 2008; Brinch et al., 2013;
Lindberg et al., 2014), demonstrate that Keplerian
disks are ubiquitous around Class I sources. To clar-
ify how early such Keplerian disks are formed around
protostars, we have also conducted high-resolution (∼<
0.′′5) ALMA observations of Class 0 protostars (Yen et
al. , 2016b). Figure 3 shows moment 0 (contours) and
1 (colours) maps of the C18O (2–1) emission toward
three Class 0 protostars in the southern sky, IRAS
16253-2429, IRAS 15398-3559, and Lupus 3 MMS.
While these protostars are all Class 0 protostars with
low bolometric temperatures (Tbol ∼< 60 K), the ve-
locity structures of their circumstellar materials differ
significantly. In IRAS 16253-2429 the protostellar en-
velope exhibits a velocity gradient along the direction
of the outflow, while in IRAS 15398-3559 velocity gra-
dients both along and across the outflow axis are seen.
In Lupus 3 MMS the northwestern and southeastern
parts show blueshifted and redshifted emission, respec-
tively, and the velocity gradient is approximately per-
pendicular to the outflow axis.
Figure 4 shows the observed (black contours) and
model (red) Position - Velocity (P-V) diagrams of the
three Class 0 protostars in the C18O emission along
(left panel) and across the outflow axes (right). In Lu-
pus 3 MMS, along the major axis the blueshifted and
redshifted emission are separated and located to the
northwestern and southeastern parts, respectively. It
is also clear that the higher-velocity emission resides
closer to the central protostar. Along the minor axis
no clear velocity gradient is seen, while the velocity
width becomes wider near the protostellar position.
Our model (red contours) shows that the observed
spatial and velocity features are reproduced by a Ke-
plerian disk with M? = 0.3 M and Rkep =130 AU.
In IRAS 15398-3559, velocity gradients are seen both
along and across the outflow axes. Our model reveals
that these features can be interpreted by an infalling
envelope with r−1 rotation. Toward IRAS 16253-2429,
on the other hand, only the velocity gradient along the
outflow axis can be identified, suggesting infall without
a clear rotation.
Figure 5 shows our compilation of the central stel-
lar masses versus the radii of the Keplerian disks
(M? − Rkep) for a sample of Class 0 and I protostars
from our previous observations and from the litera-
ture. Red and blue symbols denote the results of the
Class 0 and I sources, respectively. A number of Class
I and several Class 0 protostars possess large (r ∼>50
AU) Keplerian disks, and the protostellar masses of the
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Figure 1. Distributions of the high- and low-velocity blueshifted (blue contours) and redshifted (red) CS (7–6) emission in
the Class I protostar L1551 IRS 5 obtained with the SMA and ASTE, superposed on the 343 GHz continuum image (gray
scale). This figure is taken from Figure 5 by Chou et al. (2014).
Figure 2. Best-fit results of the χ2 model fitting of the geometrically-thin Keplerian disk to the SMA+ASTE CS (7–6)
velocity channel maps in L1551 IRS 5 at the highly blueshifted (blue contours) and redshifted (red) velocities. Upper,
middle, and lower panels show the observed, model, and the residual velocity channel maps, respectively, where the best-fit
parameters are M? = 0.5 M, the disk inclination angle i = -60◦, and the disk position angle θ = -33◦, respectively. This
figure is taken from Figure 7 by Chou et al. (2014).
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Figure 3. Moment 0 (white contours) and 1 maps (colors) of the C18O (2–1) emission toward three Class 0 protostars
observed with ALMA. Crosses denote the positions of the protostars, and blue and red arrows the directions of the blueshifted
and redshifted outflows, respectively. This figure is taken from Yen et al. (2017).
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Figure 4. Observed (black contours) and model (red) Position-Velocity (P-V) diagrams of the C18O (2–1) emission toward
the three Class 0 protostars along the major and minor axes of the protostellar envelopes. This figure is taken from Yen
et al. (2017).
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Figure 5. Plots of the protostellar masses versus the outer-
most radii of the Keplerian disks for a sample of Class 0
and I protostars. Red squares and blue diamonds present
Class 0 and I protostars associated with the resolved Ke-
plerian disks. Red downward triangles denote the Class 0
protostars without direct detections of the Keplerian disks.
Their inferred protostellar masses and disk radii are up-
per limits. Dark and light green lines denote the scaling
relations between protostellar masses and disk radii in the
collapse models by Terebey et al. (1984) and Basu (1998),
respectively. This figure is taken from Yen et al. (2017).
Class 0 sources are systematically lower than those of
the Class I sources. Besides, there is another group
of Class 0 protostars (IRAS 15398-3559, IRAS 16293-
2429, and B335) with very small upper limits of the
Keplerian radii (∼<20 AU) and the protostellar masses
(∼<0.05 M). These results imply that the formation of
r ∼100 AU scale Keplerian disks should be completed
by the late Class 0 stage (∼ 105 yr).
4. HL Tau
As discussed above, disk formation around protostel-
lar sources is likely to be completed by the beginning
of the Class I phase. Thus, planet formation may be
initiated from as early as the Class I stage. A famous
Class I-II source as a candidate of planet formation
is HL Tau (Dipierro et al., 2015; Kanagawa et al.,
2015), where ALMA partnership et al. (2015) have
identified seven ringlike gaps in the disk as seen in
the dust-continuum emission. The gaps in the dust-
continuum emission, however, can be created by spa-
tial variations of dust properties and they do not nec-
essarily reflect the “real” gaps of material (Zhang et
al. , 2015; Okuzumi et al. , 2016). To reveal whether
the dust gaps are real material gaps or not and to dis-
cuss whether planet formation is indeed ongoing in the
disk, it is critical to observe the distribution of the 100
times more abundant molecular gas.
Signal-to-noise ratios of molecular-line images are gen-
erally much lower than those of dust-continuum im-
ages, because molecular-line images cannot have wide
bandwidths. The lower signal-to-noise ratios re-
sult in limited spatial resolutions of the molecular-
line images. To overcome these problems and to
unveil the corresponding gaps of molecular lines in
the disk around HL Tau, we made a high-resolution
(∼0.′′1×0.′′05) HCO+ (1–0) image cube from the same
ALMA dataset as that of the dust gaps, and performed
annular averaging of the HCO+ image cube (Yen et
al. , 2016a). While the annular averaging loses the az-
imuthal information, it can produce a high-resolution
and high-sensitivity radial intensity profile, as shown
in Figure 6. The derived radial profile of HCO+ clearly
exhibits two gaps at radii of ∼28 AU (c.f., orbital ra-
dius of Neptune = 30 AU) and ∼69 AU, which corre-
spond to the locations of the dust gaps of D2 and D6.
The FWHM widths of the inner and outer HCO+ gaps
are both estimated to be ∼14 AU, and the depths are
estimated to be a factor ∼2.4 and ∼5.0, respectively.
The presence of the two gas gaps in the inner two dust
gaps implies that these two gaps are real gaps of mate-
rial. The most interesting interpretation is that these
gaps trace orbits of planet bodies which are sweeping
material along their orbits, although secular gravita-
tional instability can also create such gaps (Takahashi
& Inutsuka , 2014). From the observed widths and
depths of the inner and outer gaps, the masses of the
putative planet bodies are estimated to be ∼0.8MJ
and ∼2.1MJ , respectively (Kanagawa et al., 2015).
These results imply that planet formation can be ini-
tiated from as early as the Class I stage. Our group
has an approved follow-up ALMA project to directly
measure the gas gaps without the annular averaging in
the higher-J HCO+ transitions, and ALMA and ACA
data of the envelope surrounding the HL Tau disk.
With these data we will continue to study the details
of the planet-forming system.
5. Summary
We have been conducting SMA and ALMA studies of
disk- and planet formation around protostars. We con-
sider that disk and planet formation should be com-
pleted within the protostellar phase. If our working
hypothesis could be proven observationally, this should
impact our understanding of planet formation signifi-
cantly. So far, we have obtained the following results,
which are indeed supporting our hypothesis.
1. r ∼>100 AU-scale Keplerian disks are ubiquitous
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Table 1. Summary of our SMA and ALMA Observations of Protostellar Sources
Protostar Tbol (K) M?(M) Envelope Rkep (AU) Our Publications
Class 0
B335 31 0.05 Infall, Slow Rotation <3 Yen et al. 2010; 2011;
2013; 2015a,b
IRAS 16293-2429 36 0.03 Infall, Slow Rotation <6 Yen et al. 2017
Lupus 3 MMS 39 0.3 Keplerian Disk only 130 Yen et al. 2017
L1527 IRS 59 0.3 Slow Infall, r−1 Rota-
tion
54 Yen et al. 2013; 2015a;
Ohashi et al. 2014
IRAS 15398-3559 61 0.01 Infall, r−1 Rotation <20 Yen et al. 2017
Class I
L1551 NE 91 0.8 Slow Infall, Slow Rota-
tion
300 Takakuwa et al. 2012;
2013; 2014; 2015; 2016
L1551 IRS 5 92 0.5 Slow Infall, r−1 Rota-
tion
64 Takakuwa et al. 2004;
Chou et al. 2014
TMC-1A 172 0.64 Slow Infall, r−1 Rota-
tion
100 Yen et al. 2013; Aso et al.
2015
L1489 IRS 238 1.6 Freefall, r−1 Rotation 300 Yen et al. 2013; 2014
Radius (AU)
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(28 AU)
Dust Gaps
Dust Rings
Gas Gap 
(69 AU)~Neptune Orbit
Figure 6. Radial profile of the HCO+ column density in the
protoplanetary disk around HL Tau. Histograms with the
error bars denote the observed values. Red dashed and dot-
ted lines present the fitted power-law profiles outside the
inner and outer gaps, respectively, and red solid lines de-
lineate the observed gaps. This figure is taken from Yen et
al. (2016a).
around Class I protostars. Such disks are also
seen in several Class 0 protostars, while in the
other Class 0 protostars the upper limits of the
Keplerian radii are very small (r ∼<20 AU). Thus,
there is an apparent bimodality of Keplerian radii
among the Class 0 samples. These results indicate
rapid growth of Keplerian disks during the short
Class 0 stage (∼ 105 yr).
2. Those protostellar sources, both with and with-
out large Keplerian disks, are often embedded in
infalling envelopes. In many sources the infalling
envelopes also exhibit rotating motions, and the
rotational profiles follow the r−1 profile, that is,
rotation with conserved specific angular momen-
tum. The angular momentum of the infalling en-
velope connects smoothly to that at the outermost
radius of the central Keplerian disk. On the other
hand, the infalling velocity is a factor ∼3 slower
than the free-fall velocity estimated from the cen-
tral protostellar mass, which is derived from the
central Keplerian rotation.
3. We have re-analyzed the ALMA long baseline
data of HL Tau in the HCO+ (1–0) emission.
With the annular averaging, we have made a high-
resolution (∼10 AU) radial profile of the HCO+
column density, and have found two regions de-
ficient of molecular gas (“gaps”) at radii of ∼28
AU and ∼69 AU, which are consistent with the
locations of the dust gaps. These results imply
that these two gaps of molecular gas and dust are
real gaps of material. The FWHM widths of the
inner and outer HCO+ gaps are both estimated
to be ∼14 AU, and the depths are estimated to
be a factor ∼2.4 and ∼5.0. Assuming that these
gaps are created by planetary bodies, the inferred
planet masses are ∼0.8 MJ and ∼2.1 MJ at radii
of 28 and 69 AU, respectively.
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